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PhenolAbstract The electrochemical oxidation of phenol, resorcinol and pyrogallol was investigated in
sulfuric acid solution. Cyclic voltammetry and electrochemical impedance spectroscopy, EIS, were
used. The mechanism of the electrochemical oxidation process was proposed and discussed. The
process includes a selective oxidation and PtOx formation. EIS measurements were carried out to
further examine the reaction kinetics involved in the phenolic compounds electro-oxidation. The
EIS responses were found to be strongly dependent on electrode potentials. The result showed
the presence of an oxidation peak in the region around 1 V vs SCE to all conditions evaluated.
In cyclic voltammetric experiments a gradual decrease of the oxidation peak with the number of
cycles was observed. This suggests the deactivation or blockage of the electrode surface by the
adsorption of substances and/or phenoxy radical polymerization.
 2016 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The electrochemical oxidation of hazardous organic species is
a promising method for wastewater remediation. Phenols are a
large group of pollutants in industrial effluents and, due to
their low degradability by conventional effluent treatment,
even at low concentrations they present toxicity and bioaccu-
mulation problems [1]. Phenolic compounds are present in
effluents from coke production, food industries, chemical
industries, such as those associated to the production of resinsand pesticides, and petroleum refineries [2]. Many different
technologies are in use or have been proposed for the recovery
or destruction of phenols [3,4]. Among these technologies,
there are processes dealing with collapse of micro bubbles
[5], anodic polymerization [6–8], oxidation by photocatalysis
or by hydrogen peroxide [9–12], as well as electrooxidation
with various electrode materials [13–16].
The electrochemical oxidation of organic substances is a
promising technique for the treatment of industrial effluents
and the electrooxidation of phenol has been evaluated by dif-
ferent authors [17–21]. Comninellis and Pulgarin [17] studied
the anodic oxidation of phenol on platinum and concluded
that the most important parameters for this study are the phe-
nol concentration and pH. They have not reported any block-
ing effect on the electrode surface. Arslan et al. [18] studied,
besides the effect of temperature and pH, the influence of the
phenol concentration in the process of phenol electrooxidation. Petrol.
Figure 1 Structure of phenolic compounds.
2 H. Nady et al.on platinum. They found a dependence of the peak potential
on concentration and on temperature, and this dependence
was more pronounced for the highest values of concentration
and temperature studied. The authors reported the blocking
of the electrode surface for high concentrations of phenol in
alkaline medium and a phenol polymerization on the electrode
surface explained this process. Kennedy et al. [20] investigated
the oxidation and polymerization of aminophenolic com-
pounds in neutral solutions and they proposed a mechanism
of substitution reaction, followed by oxidation and polymer-
ization. Pacheco et al. [21] evaluated the degradation of phe-
nol, catechol and cresol on boron doped diamond electrodes
and concluded that the degradation process increases with
increasing current densities. The effect of the solute concentra-
tion was also investigated; the results have shown that under
conditions of diffusive control the degradation is independent
of the concentration. Li et al. [19] investigated the electrochem-
ical degradation of phenol on platinum electrodes in compar-
ison with oxide electrodes, obtaining similar results for
platinum and Ti/RuO2 electrodes.
Although different works are associated to the electrooxi-
dation of phenols, the study of this process is still a matter
of research, since this technique is able to achieve good
destruction rates. The electrooxidation of phenol occurs
through the formation of the phenoxy radical, which either
reacts with other species present in the solution generating
products, or reacts with other phenol molecules producing a
dimeric radical. This radical can be oxidized following two dif-
ferent paths: the formation of polymers or quinones, depend-
ing on the conditions used. For high phenol concentrations
and basic medium, polymerization is favored, while for low
phenol concentrations and acid medium the formation of qui-
nones is privileged [22]. From the oxidation reaction of qui-
none, carboxylic acids are obtained. These products are
difficult to oxidize, but are biodegradable compounds, and
therefore the electrooxidation process can be associated to a
biological process [23,24]. Electropolymerization of phenol
beings with the formation of the phenoxy radical, or it can
react with a molecule of phenol to give predominantly a
para-linked dimeric radical. This radical may be further oxi-
dized to form a neutral dimmer or it may attach another mole-
cule. The dimer may be further oxidized create oligomers to
polymers. Formation of the insoluble polyphenol results in
deactivation of electrode surface. The relative rates of the
two pathways (polymerization and forming quinonic struc-
ture) depend on the phenols concentration, the nature of elec-
trode, pH, solvent, additives, electrode potential and current
density [25]. Electropolymerization of phenols occur on differ-
ent electrodes, such as Fe, Cu, Ni, Ti, Au, Pt and other type of
electrodes [26]. Deactivation of electrode due to the phenol
polymerization is more characteristic in alkaline medium.
Insoluble high molecular weight species blocks the electrode
surface and prevents effective electrooxidation of phenol.
It is well known that cyclic voltammetry is one of the pri-
mary research means for the oxidation of organisms in electro-
chemical oxidation. Iotov and Kalcheva adopted cyclic
voltammetry technology exclusively to study the oxidation of
phenol at a platinum/gold electrode in an acid medium [27].
The electrode behavior of aniline at several conditions was
investigated on a platinum, glassy carbon, and carbon fiber
electrode using voltammetry techniques [28]. Kuramitz et al.Please cite this article in press as: H. Nady et al., Electrochemical oxidation behavio
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.009investigated the electrochemical behavior of p-nonylphenol
by voltammetric techniques [29].
This work is aimed to study the electrochemical oxidation
behavior of phenol, resorcinol and pyrogallol at platinum elec-
trode in of 0.5 M H2SO4 solution.
2. Experimental details
Phenol, resorcinol and pyrogallol were obtained from Sigma
and were used without further purification. The chemical
structure of the different compounds is shown in Fig. 1. Deion-
ized water was used for the preparation of the different solu-
tions. Stock solutions of the different investigated materials
were prepared by dissolving an appropriate amount in deion-
ized water. Temperatures were kept constant by water circula-
tion trough the double wall of the cell. The electrochemical cell
was a three-electrode all-glass cell, the counter and working
electrodes were platinum and the reference electrode was satu-
rated calomel electrode (SCE), whose all potentials were
referred. The electrolyte solutions were 0.5 M H2SO4 contain-
ing different concentration of phenols (0, 1, 5, 10, 15 and
20 mM). The cyclic voltammograms experiments and electro-
chemical impedance spectroscopic investigations were per-
formed using a Voltalab PGZ 100 ‘‘All-in-one” Potentiostat/
Galvanostat. The cyclic voltammetry measurements were car-
ried out using a different potential scan rate (10, 25, 50, 75,
100, 150 and 200 mV/s). The total impedance, Z, and phase
shift, h, were measured in the frequency range from 0.1 to
105 Hz. The superimposed ac-signal amplitude was 10 mV
peak to peak.
3. Results and discussion
3.1. Cyclic polarization measurements
Typical examples of cyclic voltammograms recorded for clean
bright platinum sheet in 0.5 M H2SO4 solution in absence and
presence 10 mM of phenol, resorcinol and pyrogallol are
shown in Fig. 2. In 0.5 M H2SO4 solution, monolayer oxide
formation occurred in the region above 0.60 V on the anodic
swept and the reduction of oxide gives cathodic peak at about
0.47 V on the reverse scan. When phenolic compounds are
added to 0.5 M H2SO4 solution, phenol and resorcinol oxida-
tion displays one oxidation peak at potential range of 0.7–
1.2 V, while pyrogallol displays two oxidation peaks at poten-
tial range of 0.4–0.55 V (Peak A1) and of 0.7–1.1 V (Peak A2).r of some hazardous phenolic compounds in acidic solution, Egypt. J. Petrol.
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Figure 2 Cyclic voltammogram of Pt in 0.5 M H2SO4 (
___)
containing 10 mM of phenol ( ), resorcinol ( ) and
pyrogallol ( ) at scan rate 10 mVs1.
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Potential / V vs
Figure 3 Cyclic voltammogram of Pt in 0.5 M H2SO4 solution with d
(c). Scan rate = 10 mVs1. (inset). Dependence of the catalytic c
concentrations.
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Please cite this article in press as: H. Nady et al., Electrochemical oxidation behavio
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.009The electrooxidation of organic compounds on platinum elec-
trodes can take place through the formation of an oxide film of
the anode material on the electrode surface. The adsorption of
the hydroxyl radical on the anode surface occurs as the first
step according to the reaction [18]:
PtOx þH2O! PtOxðOHÞ þHþ þ e ð1Þ
The hydroxyl radical can react with the oxygen present on
the anodic oxide, producing a super oxide,
PtOxðOHÞ ! PtOxþ1 þHþ þ e ð2Þ
Therefore, the coexistence of two states of active oxygen on
the electrode surface can be considered, a chemically adsorbed
state, and a hydroxyl radical physically adsorbed. In the lack
of organic material, both active oxygen stages produce O2
according to reactions (3) and (4) [18].
PtOxðOHÞ ! 1=2O2 þ PtOx þHþ þ e ð3Þ
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Scheme 2 Suggested mechanism of resorcinol electro oxidation.
4 H. Nady et al.Thus, we can consider at the anode surface two states of
‘‘active oxygen”. In the presence of oxidizable organics (R)
the physisorbed ‘‘active oxygen” (OH) should cause predomi-
nantly the complete combustion of organics, and chemisorbed
‘‘active oxygen” (PtOx+1) participate in the formation of selec-
tive oxidation products [18]:
Rþ PtOxðOHÞz! CO2 þ PtOx þ zHþ þ ze ð5Þ
Rþ PtOxþ1 ! Rox þ PtOx ð6Þ
It is said that PtO and PtO2 are formed on Pt anode sur-
faces. As can be seen in Fig. 2the PtOx formation takes place
in potential range 0.4–1.2 V (SCE) in acidic 0.5 M H2SO4 med-Please cite this article in press as: H. Nady et al., Electrochemical oxidation behavio
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.009ium. At all conditions phenol, resorcinol and pyrogallol oxida-
tion peaks are seen at potential range, which belong to PtO
and PtO2 formation region (0.4–1.2 V in H2SO4). Phenol oxi-
dizes with the formation of oxide film in all worked solution.
These results indicated that phenolic compounds oxidize on
platinum oxide film not on Pt.
3.1.1. Effect of phenolic compounds concentration
Fig.3 shows the cyclic voltammograms of phenol (A), resorci-
nol (B) and pyrogallol (C) at different concentrations (0, 1, 5,
10, 15 and 20 mM) in the presence of 0.5 M H2SO4 solution
























Scheme 3 Suggested mechanism of pyrogallol electro oxidation.


























Potential/ V vs. SCE
Figure 4 Successive cyclic voltammograms recorded on Pt
electrode for 10 mM of phenol in 0.5 M H2SO4 aqueous solution
at 25 C. Scan rate: 10 mV s1.
Electrochemical oxidation behavior of some hazardous phenolic compounds in acidic solution 5cyclic voltammograms of the electrode obtained in the pres-
ence and absence of different compounds shows that oxidation
of phenol and resorcinol takes place at an electrode potential
of about 1 V, while the first oxidation peak of pyrogallol takes
place at an electrode potential of about 0.45 V and the second
oxidation peak takes place at 0.9 V. The peak potential of phe-
nol is proportional to concentration and is shifted to less pos-
itive potentials as the concentration increases. The cyclic
voltammograms of all investigated solutions containing phenol
have the same shape. The peak potential of resorcinol and
pyrogallol is not affected by increasing the concentration and
voltammograms of all investigated solutions have the same
shape. The oxidation peak current density versus phenol,
resorcinol and pyrogallol concentration is plotted and pre-
sented in Fig. 3a–c inset. This figure shows that the peak cur-
rent density increases with phenol and resorcinol
concentration, reaches a maximum value and then decreases
for phenol and resorcinol concentrations. This behavior may
be due to a decreased activity of the electrode at high phenol
concentrations, probably due to competition for active sites
on the electrode surface or to the formation of a larger amount
of phenoxy radicals. These radicals are involved in electropoly-
merization processes, causing faster deactivation of the elec-
trode with the increase in phenol or resorcinol concentration.
Since the voltammograms of phenol and resorcinol have thePlease cite this article in press as: H. Nady et al., Electrochemical oxidation behavio
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.009same shape and the same behavior, the reaction mechanism
is thought to be the same for both mediums. And the higher
current values observed in phenol solutions could be explained
with higher phenoxide concentration due to the higher activity
of phenol. In the first step of electrooxidation of phenol phe-
noxy radicals are generated from phenoxide ion. The possible
electrooxidation pathways for phenol are shown in Scheme 1.
Rate determining step for phenolic compounds is one electron
reaction, such as phenoxy radical forming.
Scheme 1 is the pathway for oxidation of phenol in acidic
medium. The main oxidation peak in Fig. 3a is the oxidation
of phenol resulting in phenoxy radicals (cf. Scheme 1). Further
oxidation to benzoquinone of such radicals can occur, assisted
by hydroxyl radicals (that are formed from water) adsorbed on
the anode surface [30]. In an alternative pathway, however,
phenoxy radicals undergo polymerization, this process being
responsible for the fouling of the electrode. Wang and Lee
[31] have observed that the fouling of the electrode by the phe-
nolic oxidation products is more prominent at higher concen-
trations. Similar results have been found by other authors
studying the oxidation of phenolic compounds both in acidic
and in alkaline media [18,32]. In this way, for phenol concen-
trations below 10 mM, the peak current density increases with
the concentration of phenol, while for higher phenol concen-
trations, the peak current density remains constant or decrease
with the concentration of phenol. The analogous reaction for
resorcinol is shown in Scheme 2. The radical so formed then
reacts to form dimers (see Scheme 2). These dimers are more
easily oxidized than the monomer [33]. Oxidation of these
dimers results in oligomer formation, leading to polymer
growth causing faster deactivation of the electrode. The dimers
that will predominate are those which are ether linked and
those that are carbon linked. The peroxide linked dimers will
be highly unstable and will break up as soon as they are
formed [34]. The bond dissociation energies of oxygen–oxygen
bonds are less than half that of carbon–carbon bonds. For
phenol the predominant form of bonding in the polymer
would be carbon–carbon, but for more highly substituted phe-
nols a greater proportion of the bonds tend to be of the ether
variety [35]. Hydroxyl groups in a meta orientation interact in
the same fashion as amine groups meta to each other. That is
to say that one group exerts influence on the other via induc-
tion effects but not via resonance effects. Since induction
effects will be minimal over the distance of three carbon atoms
the groups can effectively be viewed as being isolated from
each other. As before the meta orientation of the groups leads
to a high degree of cross-linking in the polymer film producedr of some hazardous phenolic compounds in acidic solution, Egypt. J. Petrol.
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Figure 5 Cyclic voltammograms of Pt electrode in 0.5 M H2SO4
solution containing 10 mM of Phenol (a), resorcinol (b) and
pyrogallol (c) at different scan rates. Scan rates = (a) 10, (b) 25,
(c) 50, (d) 75, (e) 100, (f) 150 and (g) 200 mV s1.


















































ip = {128.6[v(V s-1)]½}mA -11.55 mA
R2= 0.950  













Figure 6 Dependence of anodic peak current (ip) on the square
root of potential scan rate (v). Phenol (a), resorcinol (b) and
pyrogallol (c).
6 H. Nady et al.[36]. It has to be said that phenol itself produces a highly cross-
linked stable polymer film, indicating that the meta orientation
is not as critical for 1,3-dihydroxybenzene.
Cyclic voltammograms of Pt electrode in 0.5 M H2SO4
aqueous solution for various concentrations of pyrogallol at
a fixed scan rate of 10 mV s1 at 25 C are shown in Fig. 3c.
It can be seen that the pyrogallol concentration is an importantPlease cite this article in press as: H. Nady et al., Electrochemical oxidation behavio
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.009factor for oxidation. The oxidation peaks current of pyrogallol
increased with the increase of concentration (cf. Fig. 3c inset)
and the peak current value was proportional to the concentra-
tion. This is due to the species that formed not adhering to the
electrode surface. The peak potential is less affected by increas-r of some hazardous phenolic compounds in acidic solution, Egypt. J. Petrol.
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Figure 7 Dependence of anodic peak current on the potential
scan rate in double logarithm coordinates for the oxidation of
phenol (a), resorcinol (b), and pyrogallol (c) at Pt electrode in
0.5 M H2SO4.
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Figure 8 (a) Dependence of peak potential, Ep, on the potential
scan rate, v, for the oxidation of phenol, resorcinol and pyrogallol
(10 mM) in 0.5 M H2SO4 at Pt electrode. (b) Dependence of peak
potential on the ln v for the oxidation of phenol, resorcinol and
pyrogallol in 0.5 M H2SO4 at Pt electrode.
Electrochemical oxidation behavior of some hazardous phenolic compounds in acidic solution 7ing pyrogallol concentration. Reaction course scheme is
expressed in Fig. 2. It was found that the solution after elec-
trolysis changed from colorless to deep yellow (see Scheme 3)
Noble electrodes usually exhibit short-lived activity for phe-
nol oxidation as a consequence of surface fouling by adherent
films, generated by polymerization of the phenoxy radicals
produced in the oxidation. Then, in order to examine the elec-Please cite this article in press as: H. Nady et al., Electrochemical oxidation behavio
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.009trode stability, repetitive cyclic voltammograms in a solution
containing 10 mM of phenol in 0.5 M H2SO4 at a scan rate
of 10 mV s1 were performed. The current involved in the oxi-
dation of phenol drops gradually with increasing the number
of cycles as can be seen in Fig. 4. However, the peak potential,
Ep, value corresponding to the oxidation peak does not change
with the number of cycles. This inhibition process might be
attributed to the electrode fouling produced by the formation
of a nonconductive polymeric product coming from phenol
oxidation that blocks the electrode surface. Phenoxy radicals
produce a polymer layer that inhibits the direct oxidation of
phenol at the anode surface. Similar deactivation of different
electrodes in the presence of aromatic organic substrates such
as phenol, chlorophenols and safrole has already been reported
in the literature [37–41]. So, in subsequent studies, the oxida-
tion peak current density of the first anodic cycle was consid-
ered for analysis of results.
3.1.2. Influence of scan rate
Scan rate is one of parameters significantly affecting electroox-
idation of various compounds. Thus, an effect of the scan rate
on phenol, resorcinol and pyrogallol electrooxidation was
investigated in the range from 10 to 200 mV s1 using cyclic
voltammetry method (Fig. 5). Anodic oxidation of the differ-
ent compounds occurs during positive potential scan in the
range of platinum oxide formation in acidic medium. Phenol,
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Figure 9 Presents (a) Nyquist plots and (b) Bode plots for the Pt
electrode during the oxidation of 10 mM of phenol, resorcinol and
pyrogallol in 0.5 M H2SO4. Inset in Figure 9a is the electrical
circuit used in the fitting of the impedance data.
8 H. Nady et al.with scan rate. Anodic peak potentials, as well as the corre-
sponding peak currents, changed with the scan rate. An
increase in scan rate shifted the anodic peak to more positive
potentials (Fig. 5a–c). Cyclic voltammograms were used in
determination of peak current and potential for the phenols
electrooxidation. Two approaches widely used to study the
reversibility of reactions and to determine whether a reaction
is adsorption or diffusion controlled consist of the analyses
of dependences: ip on v
1/2 and ln ip on ln v. Figs. 6 and 7 shows
these plots for the oxidation peak of phenol (Figs. 6a and 7a),
resorcinol (Figs. 6b and 7b) and pyrogallol (Figs. 6c and 7c) in
0.5 M H2SO4. For reversible or irreversible systems without
kinetic complications, ip varies linearly with v
1/2, intercepting
the origin [42]. Although, the plot of ip on v
1/2 presented in
Fig. 6 is linear, it does not cross the origin of the axes. This
is characteristic for the electrodic process preceded or followed
by a homogenous chemical reaction. In the scan rate range
from 10 to 200 mV s1, peak current, ip, of phenol, resorcinol
and pyrogallol electrooxidation depends linearly on square
root of the scan rate, v, and is described by the following
equation:
For phenol




mA 9:4 mA ðR2 ¼ 0:988Þ ð7ÞPlease cite this article in press as: H. Nady et al., Electrochemical oxidation behavio
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.009Resorcinol
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mA 11:55 mA ðR2 ¼ 0:950Þ PeakA2
ð10Þ
This dependence does not cross the origin (Fig. 6a–c). This
fact can suggest that the electrode process of phenol, resorcinol
and pyrogallol electrooxidation is controlled by diffusion and
can be preceded by chemical reaction [18]. On the other hand,
a dependence of ln ip on ln v is linear (Fig. 7) and is described
by the following equation:phenol
ln ip ¼ f0:78587 ln vðVs1Þg mAþ 5:094 mA ðR2 ¼ 0:995Þ
ð11Þ
Resorcinol
ln ip ¼ f0:74 ln vðVs1Þg mAþ 4:77 mA ðR2 ¼ 0:995Þ
ð12Þ
Pyrogallol
PeakA1 ln ip ¼ f0:49 ln vðVs1ÞgmAþ 3:56mA ðR2 ¼ 0:992Þ
ð13ÞPeakA2 ln ip ¼ f0:72 ln vðVs1ÞgmAþ 4:92mA ðR2 ¼ 0:998Þ
ð14Þ
The slopes for the different compounds are around 0.5 and
indicate diffusion control of the electrode process. A slope
close to 0.5 is expected for diffusion-controlled electrode pro-
cesses and close to 1.0-for adsorption-controlled processes
[43–45].
Fig. 8a presents a dependence of Ep on scan rate deter-
mined from cyclic voltammograms recorded for the phenol,
resorcinol and pyrogallol electrooxidation. If electrochemical
reaction is reversible, then Ep is independent on v. Thus, it
can be concluded that heterogeneous electron transfer in phe-
nols electrooxidation is irreversible because Ep increases with
an increase in the scan rate. In addition, the value of the over-
all electron transfer coefficient for the reaction can be obtained
from the following equation [45,46]:
Ep ¼ ð RT
2bnbF
Þ ln mþ const ð15Þ
where Ep-peak potential (V), R-universal gas constant
(8.314 J K1 mol1), F-Faraday constant (96,487 C mol1),
T-Kelvin temperature (298 K), ßnb anodic transfer coefficient,
v-scan rate (V s1). This is valid for a totally irreversible
diffusion-controlled process. Using the dependence of anodic
peak potential on the logarithm of the potential scan rate
(Fig. 8b), the value of the overall electron transfer coefficient
(ßnb) was obtained as 0.146, 0.163, 0.431and 0.157 for phenol,
resorcinol, pyrogallol peak A1 and peak A2 electrooxidation.r of some hazardous phenolic compounds in acidic solution, Egypt. J. Petrol.
Table 1 Equivalent circuit parameters for the Pt electrode in 0.5 M H2SO4 solution containing 10 mM of phenol, resorcinol and
pyrogallol at 25 C.
Compounds Rs/X Rct/X cm
2 Cdl/lF cm
2 a
Phenol at 0.95 V 1.1 551.6 722 0.98
Resorcinol at 0.95 V 1.4 673.1 945 0.92
Pyrogallol at 0.45 V 1.0 44.2 4533 0.99
Pyrogallol at 0.95 V 1.1 499 797 0.99
Electrochemical oxidation behavior of some hazardous phenolic compounds in acidic solution 93.2. Electrochemical impedance spectroscopy
EIS experiments were conducted to characterize the oxidation
of phenol, resorcinol and pyrogallol on the Pt electrode in
0.5 M H2SO4. Fig. 9a and b shows the Nyquist and Bode plots
for Pt electrode during phenol, resorcinol and pyrogallol oxi-
dation at 0.95 V. The Nyquist impedance plot (Fig. 9a) for
the different compounds in acid solution at oxidation half
wave potential, displayed Warburg impedance, indicating a
diffusion effect. In fact the impedance diagram gives a capac-
itive loop and a Warburg impedance, which implies that cov-
erage on the electrode surface with adsorbed species is low
and oxidation process is still proceeding on uncovered sites.
The impedance spectra with Warburg impedance and capaci-
tive loop may be analyzed using the electrical circuits shown
by Fig. 9a inset respectively. Inset in Fig. 9a is the electrical cir-
cuit used in the fitting of the electrochemical impedance data,
where: Rs represents the solution resistance, Rct is charge
transfer resistance, W is Warburg impedance, Cdl represents
double layer capacitance. The values of elements of circuit
are calculated and presented in Table 1. In addition, only
one arc can be observed on the Nyquist plot, which suggested
that the electro-oxidation reaction appears to be a simple elec-
trode process [47]. At high frequencies, the Warburg impe-
dance becomes unimportant in relation to Rct. Also, the low
value of the charge transfer resistance of the oxidation for
pyrogallol and phenol at applied potential of 0.95 V than
resorcinol, which means that fast electron transfer reaction.
This represents the first step of the reaction which is followed
by polyphenol formation on the electrode surface. It is clear
that the size of the arc radius on the EIS Nyquist plot is
increased by increasing the applied potential from 0.45 to
0.95 V. The lower Rct for the Pt electrode at 0.45 V compared
with that of the Pt electrode at 0.95 V for pyrogallol oxidation
(Table 1) indicating faster electron transport at the first oxida-
tion than the second oxidation. Bode plot of –phase angle vs
log (f/Hz) obtained for the different solutions (Fig. 9b) gave
phase angles approach to 90 which is expected in ideal
capacitive behavior confirming the presence of capacitive
behavior of Pt electrode toward phenol, resorcinol and
pyrogallol. Also, the n values obtained (Table 1) were 1.0, indi-
cating the real-capacitive nature of the electrodes in the
analyte.
4. Conclusion
The electrochemical oxidation of phenol, resorcinol and pyro-
gallol on Pt electrode in 0.5 M H2SO4 was carried out using
cyclic voltammetry and electrochemical impedance spec-
troscopy techniques. Electrochemical oxidation of phenolPlease cite this article in press as: H. Nady et al., Electrochemical oxidation behavio
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.009and resorcinol species is stopped due to electropolymerization
and quinone- type polymeric non- soluble compounds are
formed as a result of the coupling of phenoxy radicals gener-
ated in the initial oxidation step. These non-soluble solid poly-
meric compounds block the electrode surface and lead to
electrode deactivation and prevent effective total phenol deac-
tivation,while the oxidation of pyrogallol is not affected by the
formed species. For all phenolic compounds concentrations,
the presence of a peak in the anodic oxidation was verified
and this peak is proportional to the scan rate and to the phenol
concentration. Oxidation of phenol occurs in the range of PtOx
formations in all investigated medium.
References
[1] D. Raghu, H. Hsieh, Considerations in disposal of phenolic
waters, Int. J. Environ. Stud. 30 (1987) 277–285.
[2] P. Saravanan, K. Pakshirajan, P. Saha, Treatment of phenolics
containing synthetic wastewater in an internal loop airlift
bioreactor (ILALR) using indigenous mixed strain of
Pseudomonas sp. under continuous mode of operation,
Bioresour. Technol. 100 (2009) 4111–4116.
[3] S. Trasatti, Adsorption of organic substances at electrodes:
recent advances, Electrochim. Acta 37 (1992) 2137–2144.
[4] F.Q. Liu, M.F. Xia, S.L. Yao, A.M. Li, H.S. Wu, J.L. Chen,
Adsorption equilibria and kinetics for phenol and cresol onto
polymeric adsorbents: effects of adsorbents/adsorbates structure
and interface, J. Hazard. Mater. 152 (2008) 715–720.
[5] P. Li, M. Takahashi, K. Chiba, Degradation of phenol by the
collapse of microbubbles, Chemosphere 75 (2009) 1371–1375.
[6] G. Mengoli, M.M. Musiani, Protective coatings on iron by
anodic oxidation of phenols in oxalic acid medium, Electrochim.
Acta 31 (1986) 201–210.
[7] E. Hur, G. Bereket, B. Duran, D. Ozdemir, Y. Sahin,
Electropolymerization of m-aminophenol on mild steel and its
corrosion protection effect, Prog. Org. Coat. 60 (2007) 153–160.
[8] N.B. Tahar, A. Savall, Electrochemical removal of phenol in alkaline
solution. Contribution of the anodic polymerization on different
electrode materials, Electrochim. Acta 54 (2009) 4809–4816.
[9] H. Kawaguchi, Photooxidation of phenol in aqueous solution in
the presence of hydrogen peroxide, Chemosphere 24 (1992)
1707–1712.
[10] R. Alnaizy, A. Akgerman, Advanced oxidation of phenolic
compounds, Adv. Environ. Res. 4 (2000) 233–244.
[11] B. Tryba, A.W. Morawski, M. Inagaki, M. Toyoda, The kinetics
of phenol decomposition under UV irradiation with and without
H2O2 on TiO2, Fe-TiO2 and Fe-C-TiO2 photocatalysts, Appl.
Catal. B Environ. 65 (2006) 86–92.
[12] M. Czaplicka, Photo-degradation of chlorophenols in the
aqueous solution, J. Hazard. Mater. 134 (2006) 45–59.
[13] M.S. Ureta-Zanartu, P. Bustos, C. Berrios, M.C. Diez, M.L.
Mora, C. Gutierrez, Electrooxidation of 2,4-dichlorophenol and
other polychlorinated phenols at a glassy carbon electrode,
Electrochim. Acta 47 (2002) 2399–2406.r of some hazardous phenolic compounds in acidic solution, Egypt. J. Petrol.
10 H. Nady et al.[14] P.D.P. Alves, M. Spagnol, G. Tremiliosi, A.R. de Andrade,
Investigation of the influence of the anode composition of DSA-
type electrodes on the electrocatalytic oxidation of phenol in
neutral medium, J. Brazil. Chem. Soc. 15 (2004) 525–533.
[15] Y. Yavuz, A.S. Koparal, Electrochemical oxidation of phenol in
a parallel plate reactor using ruthenium mixed metal oxide
electrode, J. Hazard. Mater. 136 (2006) 296–302.
[16] O. Scialdone, S. Randazzo, A. Galia, G. Silvestri,
Electrochemical oxidation of organics in water: role of
operative parameters in the absence and in the presence of
NaC, Water Res. 43 (2009) 2260–2272.
[17] C. Comninellis, C. Pulgarin, Anodic oxidation of phenol for
waste water treatment, J. Appl. Electrochem. 21 (1991) 703–708.
[18] G. Arslan, B. Yazici, M. Erbil, The effect of pH, temperature
and concentration on electrooxidation of phenol, J. Hazard.
Mater. 124 (2005) 37–43.
[19] X.Y. Li, Y.H. Cui, Y.J. Feng, Z.M. Xie, J.D. Gu, Reaction
pathways and mechanisms of the electrochemical degradation of
phenol on different electrodes, Water Res. 39 (2005) 1972–1981.
[20] B. Kennedy, A. Glidle, V.J. Cunnane, A study of the oxidation
and polymerisation of meta substituted phenol and aniline
derivatives, J. Electroanal. Chem. 608 (2007) 22–30.
[21] M.J. Pacheco, A. Morao, A. Lopes, L. Ciriaco, I. Goncalves,
Degradation of phenols using boron-doped diamond electrodes:
a method for quantifying the extent of combustion, Electrochim.
Acta 53 (2007) 629–636.
[22] G. Mengoli, S. Daolio, M.M. Musiani, The influence of amines
on the anodic coupling of phenols to polyoxyphenylene films, J.
Appl. Electrochem. 10 (1980) 459–471.
[23] G.H. Chen, Electrochemical technologies in wastewater
treatment, Sep. Purif. Technol. 38 (2004) 11–41.
[24] G. Busca, S. Berardinelli, C. Resini, L. Arrighi, Technologies for
the removal of phenol from fluid streams: a short review of
recent developments, J. Hazard. Mater. 160 (2008) 265–288.
[25] M. Gattrell, D.W. Kirk, Study of electrode passivation during
aqueous phenol electrolysis, J. Electrochem. Soc. 140 (1993)
903–911.
[26] Z. Ezerskis, Z. Jusys, Electropolymerization of chlorinated
phenols on a Pt electrode in alkaline solution. Part IV: a gas
chromatography mass spectrometry study, J. Appl.
Electrochem. 32 (2002) 543–550.
[27] P.I. Iotov, S.V. Kalcheva, Mechanistic approach to the
oxidation of phenol at a platinum/gold electrode in an acid
medium, J. Electroanal. Chem. 442 (1998) 19–26.
[28] M. Matsushita, H. Kuramitz, S. Tanaka, Electrochemical
oxidation for low concentration of aniline in neutral pH
medium: application to the removal of aniline based on the
electrochemical polymerization on a carbon fiber, Environ. Sci.
Technol. 39 (2005) 3805–3810.
[29] H. Kuramitz, J. Saitoh, T. Hattori, S. Tanaka, Electrochemical
removal of pnonylphenol from dilute solutions using a carbon
fiber anode, Water Res. 36 (2002) 3323–3329.
[30] D.T. Cestaroll, A.R. de Andrade, Electrochemical oxidation of
phenol at Ti/Ru0.3Pb(0.7x)TixOy electrodes in aqueous
media, J. Electrochem. Soc. 154 (2007) E25–E30.Please cite this article in press as: H. Nady et al., Electrochemical oxidation behavio
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.009[31] S. Patra, N. Munichandraiah, Electro-oxidation of phenol on
polyethylenedioxythiophene conductive-polymer-deposited stainless
steel substrate, J. Electrochem. Soc. 155 (2008) F23–F30.
[32] J. Wang, R.L. Li, Highly stable voltammetric measurements of
phenolic compounds at poly(3-methylthiophene)-coated glassy
carbon electrodes, Anal. Chem. 61 (1989) 2809–2811.
[33] H.C. Yi, K.B. Wu, S.S. Hu, D.F. Cui, Adsorption stripping
voltammetry of phenol at Nafion-modified glassy carbon
electrode in the presence of surfactants, Talanta 55 (2001)
1205–1210.
[34] R.D. Bach, P.Y. Ayala, H.B. Schlegel, A reassessment of the
bond dissociation energies of peroxides. an ab initio study, J.
Electrochem. Soc 118 (1996) 12758–12765.
[35] M. Gattrell, D.W. Kirk, A fourier transform infrared
spectroscopy study of the passive film produced during
aqueous acidic phenol electro-oxidation, J. Electrochem. Soc.
139 (1992) 2736–2744.
[36] K.B. Prater, Electrode filming in ring substituted anilines, J.
Electrochem. Soc. 120 (1973) 365–366.
[37] J. Iniesta, P.A. Michaud, M. Panizza, G. Cerisola, A. Aldaz, C.
Comninellis, Electrochemical oxidation of phenol at boron-doped
diamond electrode, Electrochim. Acta 46 (2001) 3573–3578.
[38] M. Panizza, G. Cerisola, Influence of anode material on the
electrochemical oxidation of 2-naphthol: part 1. Cyclic
voltammetry and potential step experiments, Electrochim.
Acta 48 (2003) 3491–3497.
[39] A. Safavi, N. Maleki, F. Tajabadi, Highly stable electrochemical
determination of phenolic compounds, Analyst 132 (2007) 54–
58.
[40] R. Berenguer, T. Valdes-Solis, A.B. Fuertes, C. Quijada, E.
Morallon, Cyanide and phenol oxidation on nanostructured
Co3O4 electrodes prepared by different methods, J. Electrochem.
Soc. 155 (2008) K110–K115.
[41] R.N. Singh, D. Mishra, Anindita, Pd-1%Ni composite
electrodes for electrooxidation of phenol in acid solution, Int.
J. Electrochem. Sci. 4 (2009) 1638–1649.
[42] E. Wudarska, E. Chrzescijanska, E. Kusmierek, J. Rynkowski,
Voltammetric studies of acetylsalicylic acid electrooxidation at
platinum electrode, Electrochim. Acta 93 (2013) 189–194.
[43] C.M.A. Brett, A.M.O. Brett, Electrochemistry: Principles,
Oxford University Press, New York, Methods and
Applications, 1993, p. 427.
[44] P.T. Kissinger, W.H. Heineman, Laboratory Techniques in
Electroanalytical Chemistry, second ed., Marcel Dekker, New
York, 1996, p. 224.
[45] A.J. Bard, L.R. Faulkner, Electrochemical Methods,
Fundamentals and Applications, second ed., John Wiley &
Sons, New York, 2001, pp. 236, 503, 709.
[46] J.A. Harrison, Z.A. Khan, The oxidation of hydrazine on
platinum in acid solution, J. Electroanal. Chem. and Interface
Electrochem. 28 (1970) 131–138.
[47] H. Liu, S. Cheng, M. Wu, H. Wu, J. Zhang, W. Li, C. Cao,
Photoelectrocatalytic degradation of sulfosalicylic acid and its
electrochemical impedance spectroscopy investigation, J. Phys.
Chem. A 104 (2000) 7016–7020.r of some hazardous phenolic compounds in acidic solution, Egypt. J. Petrol.
